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styrene-maleic acid lipid particle (SMALP)
styrene maleic acid (SMA)
Neutron reflectometrya b s t r a c t
Over recent years, there has been a rapid development of membrane-mimetic systems to encapsulate and
stabilize planar segments of phospholipid bilayers in solution. One such system has been the use of
amphipathic copolymers to solubilize lipid bilayers into nanodiscs. The attractiveness of this system,
in part, stems from the capability of these polymers to solubilize membrane proteins directly from the
host cell membrane. The assumption has been that the native lipid annulus remains intact, with nan-
odiscs providing a snapshot of the lipid environment. Recent studies have provided evidence that phos-
pholipids can exchange from the nanodiscs with either lipids at interfaces, or with other nanodiscs in
bulk solution. Here we investigate kinetics of lipid exchange between three recently studied polymer-
stabilized nanodiscs and supported lipid bilayers at the silicon-water interface. We show that lipid and
polymer exchange occurs in all nanodiscs tested, although the rate and extent differs between different
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Adsorptionnanodisc system which used a polymer made using reversible addition-fragmentation chain transfer
polymerization. These results have important implications in applications of polymer-stabilized nan-
odiscs, such as in the fabrication of solid-supported films containing membrane proteins.
 2020 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The inherent amphiphilic nature of biological membranes has
been a persistent challenge when attempting to study membrane
proteins (MPs). These molecules represent an important class of
biological macromolecules, as exemplified by representing approx-
imately 30% of the protein-coding regions of the human genome
and 60% of therapeutic drug targets [1–3]. MPs require stabiliza-
tion of a hydrophobic, transmembrane core for solubility in aque-
ous media. This has traditionally been achieved by the use of ‘head
and tail’ surfactants which act by assembling a micelle around the
MP of interest, with hydrophobic tails stabilizing the transmem-
brane regions of the protein, and hydrophilic head groups allowing
interactions with the aqueous solvent [4–6]. However, this leads to
issues with stability, denaturation and suppression of conforma-
tional flexibility which is frequently a bottleneck when attempting
in vitro studies of isolated MPs [7,8].
Over the past 20 years there has been a rapid development of
alternative solubilization strategies attempting to overcome the
limitations of classical surfactant mediated MP solubilization [9–
12]. One such solution has been nanodiscs: nanoscale discoidal col-
loidal particles which consist of a central core of a planar phospho-
lipid bilayer which are stabilized by an amphiphilic ‘belt’
consisting of either peptides, membrane scaffold proteins (MSPs)
or synthetic copolymers [12–14]. An amphipathic copolymer,
poly(styrene-co-maleic acid) (SMA), has been shown to self-
assemble in the presence of phospholipids to form nanodiscs
[15]. These polymer-stabilized nanodiscs, where the lipid core is
stabilized in aqueous solution by a polymer belt [16], have been
termed SMA lipid particles (SMALPs). SMA has the advantage of
being able to solubilize MPs directly from the cell membrane, with-
out the need for classical surfactants at any stage [17]. SMALPs
have been reported to both maintain protein function and improve
stability over classical surfactant solubilized MPs and also MPs in
native membranes [18,19]. Furthermore, the capability of SMA to
extract MPs directly from the cell membrane maintains a more
native-like lipid environment, facilitating functional [20,19,21]
and structural [22–25] studies of SMALP-solubilized MPs.
There have now been a number of studies detailing the self-
assembly and structure of SMALP nanodiscs from a range of com-
mercially available SMA copolymers [26–30]. This has spawned a
drive to develop new nanodisc-forming polymers which are able
to form nanodiscs with increased stability, enhanced buffer com-
patibility, modified size and improved properties for a larger range
of downstream applications [14]. One example is the synthesis of
SMA polymers by reversible addition-fragmentation chain transfer
(RAFT) polymerization. These polymers have a narrower size distri-
bution than commercial SMA polymers and have a substantially
different monomer architecture along the polymer chain, whereby
the styrene and maleic acid monomers are initially alternating,
tending towards longer poly(styrene) stretches along the length
of the chain as maleic acid is consumed throughout the synthesis
reaction [31]. RAFT-SMA has been shown to form nanodiscs in a
similar manner to commercial SMAs but forming nanodiscs of
increased size and with greater thermodynamic efficiency [30,32].
Another polymer, poly(styrene-co-maleimide) (SMI) has
recently been shown to form nanodiscs termed SMI lipid particles(SMILPs) [33]. In contrast to SMA, SMI contains positively charged
dimethylaminopropylamine maleimide in place of maleic acid as
the hydrophilic component. This has a number of advantages over
SMA, including solubility under acidic conditions and a high toler-
ance to divalent cations. While SMI is capable of efficiently solubi-
lizing phospholipids to form nanodiscs, SMILPs are somewhat
smaller than SMALPs and SMI is less efficient at MP solubilization
from biological membranes.
Due to the therapeutic importance of MPs, nanodiscs have
gained significant interest in application to characterizing MP-
ligand interactions and drug discovery. An increasingly adopted
strategy involves adsorption of the MP of interest to interfaces
allowing interaction screens against large compound libraries to
be performed using techniques such as surface plasmon resonance
(SPR) [34]. MSP-nanodiscs have been shown to adsorb to the air-
water and Si-water interfaces where the plane of the membrane
lies parallel to the surface under investigation [35]. Further studies
have shown that MSP-nanodiscs containing cytochrome P450
reductase align at the Si-water interface in a similar manner whilst
retaining dynamic conformational flexibility and solvent accessi-
bility of globular, soluble domains [36,37].
Inspired by this work, the interaction of SMALP nanodiscs con-
taining a phospholipid bilayer with a net-negative charge on syn-
thetic lipid monolayers containing positively charged surfactants
was studied using neutron reflectometry. It was hoped that an
electrostatic interaction between nanodiscs and lipid interfaces
would aid the adsorption process. However, the data could not
be fitted assuming a meaningful coverage of adsorbed nanodiscs,
but instead lipid exchange between the lipids in the monolayers
and nanodiscs was found to be the only explanation, providing
the first evidence of the phenomenon of lipid exchange occurring
with SMALPs [38].
Lipid exchange between SMALP nanodiscs in solution has since
been investigated in more detail. These studies revealed a combi-
nation of a rapid collisional and slower monomer diffusion mech-
anism underlying the transfer of lipids between nanodiscs in
solution where the rate of lipid exchange is increased further with
increasing ionic strength [39,40]. Furthermore, lipid exchange is
not unique to an individual SMA polymer, where RAFT-SMA [38],
SMA(2:1) [40] (containing a 2:1 ratio of styrene:maleic acid mono-
mers, tradename Xiran SZ30010) and SMA(3:1) [39] (tradename
Xiran SL25010 S25) have now been shown to exhibit rapid lipid
exchange between nanodiscs.
While much research has been conducted characterizing lipid
exchange between nanodiscs in solution, the interaction with dif-
ferent nanodisc types and model membranes remains relatively
unknown. Here, we have investigated the interactions between
nanodiscs and lipid bilayers at the Si-water interface as mimics
of biological membranes. We have use nanodiscs formed of three
polymers: SMA2000 (SMA), SMA2000I (SMI) and a RAFT-
synthesized SMA (RAFT-SMA), each containing a 2:1 ratio of
styrene:maleic acid (or maleimide in the case of SMI) [30,33].
While lipid exchange at interfaces has been reported for nanodiscs
bound by RAFT-SMA [38], there have been no such reports for
SMA2000 or SMI. We determine the kinetics of lipid exchange
using attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy and show that each nanodisc type exhibits
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to structurally characterize lipid bilayers before and after interac-
tion with nanodiscs using neutron reflectometry (NR). Contrary
to earlier studies, in the process of carrying out these measure-
ments we have observed an adsorption of SMALPs formed by
RAFT-SMA to phospholipid bilayers at the Si-water interface in
addition to lipid exchange, an unexpected result. The presence of
polymer in the membrane can also be identified with each
nanodisc system. The results presented here have important impli-
cations in membrane and membrane protein research, challenging
the viewpoint of polymer-bound nanodiscs representing a static




(hDMPC) and tail-deuterated 1,2-dimyristoyl-d54-sn-glycero-3-
phosphocholine (dDMPC) were purchased from Avanti Polar Lipids.
SMA2000 and SMA2000I resin was purchased from Cray Valley. All
other chemicals were purchased from Sigma-Aldrich at >98%
purity and used without further purification.
2.2. Methods
2.2.1. Polymer solubilization
Both RAFT-SMAnh (synthesized as previously described)
[30,41] and SMAnh require hydrolysis from the anhydride to the
acid forms to become soluble in aqueous solution, and for function-
ality in SMALP nanodisc self-assembly. Copolymer hydrolysis was
performed as previously described. In brief, a 10% w/v suspension
of either SMAnh or RAFT-SMAnh in 1 M NaOH was heated under
reflux for 2 hrs. Once the clarified solution had cooled, soluble
SMA was precipitated by the dropwise addition of concentrated
HCl until pH < 5.0. Precipitated SMA was pelleted by centrifugation
at 10,000  g and washed 3 times in water. After washing, precip-
itated SMA was dissolved in 0.6 M NaOH and incubated at 37 C for
16 h before repeating the precipitation and washing procedure.
The final hydrolyzed SMAs were again dissolved in a minimal vol-
ume of 0.6 M NaOH, adjusted to pH 8.0 by dropwise addition of
concentrated HCl, lyophilized and used without further
purification.
Similarly SMI was solubilized as previously described [33]. This
was essentially performed in the same manner as for both SMA
copolymers, except 10% w/v SMA2000I resin in 1 M HCl was heated
under reflux for 2 h. The precipitation and washing procedure was
identical as for SMA, except the polymer was precipitated by the
dropwise addition of 5 M NaOH until pH > 9.0 prior to redissolution
in 0.6 M HCl. After washing, precipitated, solubilized SMI was dis-
solved in a minimal volume of 0.6 M HCl, adjusted to pH 5.0 by
dropwise addition of 5 M NaOH, lyophilized and used without fur-
ther purification.
2.2.2. Nanodisc preparation
hDMPC powder was dissolved in CHCl3 and dried under a
stream of N2 to create a multilamellar lipid film around a glass vial.
Vials were desiccated for at least 2 h to remove residual solvent.
For experiments using SMA, lipids were rehydrated in 50 mM
sodium phosphate, 200 mM NaCl, pH 8.0. For experiments using
SMI, lipids were rehydrated in 50 mM sodium acetate, 200 mM
NaCl, pH 5.0. In all cases, the buffer was warmed to 30 C and lipids
hydrated to 10 mg/mL. Vesicles were formed by sonication at 30 C
for 30 min. 3% w/v polymer was prepared in the appropriate buffer(SMA  50 mM sodium phosphate, 200 mM NaCl, pH 8.0; SMI 
50 mM sodium acetate (NaOAc), 200 mM NaCl, pH 5.0) and added
to vesicles at a 1:1 v/v ratio to a final volume of 10 mL. The nan-
odisc solutions were allowed to equilibrate at room temperature
for 24 h. Nanodiscs were concentrated in 10,000 MWCO centrifugal
concentrator tubes to a volume of 3 mL. Concentrated nanodiscs
were purified by size exclusion chromatography (SEC) using a
HiLoad Superdex 200 26/600 column, equilibrated in the same buf-
fer, attached to an Äkta purification system (GE Healthcare Life
Sciences, Buckinghamshire, UK) monitoring absorbance at
254 nm (Fig. S1). Fractions containing nanodiscs were pooled, flash
frozen in liquid nitrogen and stored at 80 C.
2.2.3. Attenuated total reflection Fourier transform infrared
spectroscopy
Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) describes the chemical species present at the
solid-liquid interface through the identification of discreet IR
active functional groups. An infrared (IR) beam is totally internally
reflected through a substrate in contact with bulk solvent, where
the refractive index of the substrate, n1, must be higher than that
of the solvent, n2, to allow for total internal reflection. As the beam
is reflected from the substrate-solvent interface, the beam pene-






where k is the wavelength of the IR light and h is the angle of inci-
dence of the beam at the interface [42]. Beam penetration depth is
on the order of a few microns but its intensity decays exponentially
with increasing distance from the surface, resulting in increased
sensitivity to material close to or at the bulk interface. The absorp-
tion of IR light within the penetration depth occurs when the char-
acteristic frequency of vibrational modes of a given chemical bond
matches the frequency of the incident light. As deuterium has a
higher mass than hydrogen, the vibrational frequency of
deuterium-containing bonds is lower than equivalent hydrogen-
containing bonds, resulting in absorption of lower frequency IR
light.
Our experiment involved the deposition of a dDMPC bilayer on
a Si ATR crystal before injection of hDMPC nanodiscs, whereafter
spectra were periodically taken. Due to the increased mass of deu-
terium compared to hydrogen, the frequency of C-D bond vibra-
tions is decreased relative to CAH bonds. This allows direct
observation of the relative decreases and increases in C-Dx and
C-Hx, respectively from the lipid tails upon the introduction of nan-
odiscs into the superphase. Importantly, ATR-FTIR allows direct
observation of lipid exchange, separate to polymer exchange due
to the relatively low C-H2 content of the polymers, and the pres-
ence of aromatic C@C bonds and carbonyl bonds in different chem-
ical environments to the glycerol-ester present in the phospholipid
head groups.
ATR-FTIR spectra were collected using a ThermoNicolet Nexus
instrument fitted with an ATR flow cell accessory (Specac) attached
to a calibrated syringe pump, a cryo-cooled mercury cadmium tel-
luride detector and a dry-air purge operating at a flow rate of 40 L/
min in order to minimize absorbance from residual water vapor in
the beam path. All spectra were collected with a resolution of
4 cm1 and 128 interferograms collected for each spectra.
Throughout the measurements, temperature was maintained at
25 C by a temperature controlled water cooling loop passing
through hollow aluminium blocks in direct contact with the Si sub-
strate and the aqueous superphase.
Silicon ATR substrates were cleaned by sonication in 2% (w/v)
SDS for 30 min before rinsing extensively with ultrapure water
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ozone cleaned for 10 min, washed with ultrapure water and then
UV-ozone cleaned a final time for 10 min. The substrate was
mounted in a dry flow cell and the volume filled with either
50 mM Na2HPO4, 200 mM NaCl, pD 8.0 in D2O for measurements
using SMALPs and RAFT-SMALPs, or 50 mM NaOAc, 200 mM NaCl,
pD 5.0 in D2O for measurements using SMILPs. A background spec-
tra was taken of the bare Si substrate in the appropriate buffer and
subtraction spectra collected for later removal of water vapor
absorbance. 20 mL dDMPC as a 10 mg/mL stock in CHCl3 (Avanti)
was transferred to a clean glass vial and dried under a stream of
nitrogen. Lipid films were rehydrated in either Na2HPO4 or NaOAc
buffer as described above to a concentration of 0.1 mg/mL. The
lipid suspension was sonicated in a sonic bath for 30 min until
optically transparent, suggesting small unilamellar vesicle (SUV)
formation, consistent with our previous studies [30,33]. Vesicle
suspensions were subsequently centrifuged at 14,000  g, 25 C
for 10 min to pellet large aggregates. A 2 mL dDMPC SUV suspen-
sion was manually injected into the flow cell and incubated for
20 min with continuous spectra collection to allow for deposition
of the dDMPC bilayer until no further spectral changes were
observed. The flow cell was then flushed with 2 mL buffer at a flow
rate of 0.5 mL/min and a spectrum collected of the supported
dDMPC bilayer at the Si-water interface. Nanodiscs were diluted
to 50 mM polymer concentration and 2 mL manually injected into
the flow cell over the dDMPC bilayer. The deuterated bilayer was
incubated with the hDMPC nanodiscs for 300 min. Spectra were
continuously recorded with a time resolution of 80 s.
All spectra were corrected for removal of water vapor absor-
bance bands by scaling and subtraction of spectra collected before
the deposition of the dDMPC bilayer from the bilayer spectra. No
further processing was performed.
ATR-FTIR peak integrations were preformed over the aliphatic
CAH stretching and aliphatic CAD stretching regions from 2990
to 2810 cm1 and 2230 – 2050 cm1, respectively. This includes
contributions from the symmetric and asymmetric CH2/CD2
stretching vibrations and the CH3/CD3 stretching vibrations arising
primarily from the aliphatic phospholipid tails. Due to the different
frequencies and amplitudes of CH and CD bond vibrations, this
allows the relative changes in hydrogenated and deuterated mate-
rial at the Si-water interface to be compared as a function of time.
2.2.4. Analysis of lipid exchange kinetics
The exchange of dDMPC from bilayers at the Si-water interface
to nanodiscs in bulk solution was modelled by a two-phase first
order process which was fit to the experimental data by non-
linear regression:
It ¼ Ieq þ DIeq0;FastekB!N;Fast t þ DIeq0;SlowekB!N;Slow t
where the Integrated area at time t, It, can be described by two
apparent first order rate constants for a fast and slow process, kFast
and kSlow, respectively and the proportion of the decrease of the ini-
tial integrated area, I0, to that at equilibrium, Ieq, for which each
process is responsible, DIeq0;Fast and DI
eq
0;Slow.
The exchange of hDMPC from the nanodiscs to the bilayer
showed more variation between different nanodisc systems.
Therefore, each process was modelled by both a single-phase first
order process:
It ¼ I0 þ Ieq  I0
   ð1 ektÞ
and two-phase first order process:
It ¼ I0 þ DIeq0;Fastð1 ekFast tÞ þ DIeq0;Slowð1 ekSlow tÞwhich were fit to the experimental data by nonlinear regres-
sion. The model with the highest probability of being correct was
then selected by performing the Akaike’s Information Criteria
(AIC) test implemented within GraphPad Prism.
2.2.5. Neutron reflectometry
Detailed descriptions of the theoretical basis of neutron reflec-
tometry (NR), instrumental details and applications to soft-
matter have been described in depth elsewhere [43–45], so here
we will only include a brief description of the technique. NR mea-
sures the specular reflection of neutrons as a function of the scat-




where h represents the angle of reflection and k represents the
wavelength of the reflected neutrons. The reflected intensity is
dependent on the structure and scattering length density (SLD) of
the material at the interface, as well as the scattering length density
of the bulk phases through an inverse Fourier transform. The SLD of





where SLD, q, is given by the sum of the coherent scattering lengths,
bc , for each atomic nuclei, n, within a given molecular volume, Vm.
Due to the distinctly different neutron scattering lengths of deu-
terium and hydrogen(3.74  105 Å and 6.67  105 Å, respec-
tively), NR is very sensitive to the incorporation of hydrogenated
material from nanodiscs into a deuterated monolayer, or vice versa.
Single crystals of silicon with dimensions of 50  80  15 mm
with a single 80  50 mm 111 face polished to ~5 Å RMS roughness
was cleaned by immersion in piranha solution (5:3:1 H2O:H2SO4:
H2O2 heated to 90 C for ten minutes) followed by two cycles of
extensive washing in ultrapure water and ozone cleaning. Clean
Si blocks were then mounted in sealed PEEK lamellar flow cells
underwater to avoid introduction of air bubbles during cell
assembly.
Data for the interaction of SMALPs and RAFT-SMALPs with d54-
DMPC bilayers at the Si-water interface were collected using the
Polref reflectometer (ISIS neutron and muon source, UK) in non-
polarized TOF-NR mode. NR was measured at three angles: 0.5,
1.2 and 2.5 with a neutron wavelength range of 1–14 Å covering
an effective Qz-range of 0.01–0.3 Å
1 where dQ/Q is 2.88%. Data
for the interaction of SMILPs with d54DMPC bilayers at the Si-
water interface were measured using the Surf reflectometer (ISIS
neutron and muon source, UK). NR was measured at three incident
angles: 0.35, 0.65 and 1.5 with a neutron wavelength range of
0.55–6.8 Å covering a similar Qz-range of 0.012–0.3 Å
1.
In both instruments, Si crystal flow cells were mounted on a
horizontal geometry translation stage, at an ambient temperature
of 22 C, and connected to a HPLC pump (Knauer) in order to
change solution isotopic contrasts. The measured reflected neutron
intensity was normalized to the incident neutron flux measured in
transmission through each substrate.
Si crystal substrates were initially characterized by NR in H2O
and D2O buffers (50 mM Na2HPO4, 200 mM NaCl, pH 8 for sub-
strates to be injected with SMALP and RAFT-SMALP nanodiscs
and 50 mM NaOAc, 200 mM NaCl pH 5 for substrates to be injected
with SMILP nanodiscs). dDMPC in chloroform was transferred to a
clean glass vial and dried under a stream of nitrogen. Lipids were
rehydrated to 0.3 mg/mL in 20 mM HEPES pH 7 and small unil-
amellar vesicles (SUVs) formed by sonication in a water bath for
30 min. 10 mL of d54DMPC was manually injected into each flow
cell and incubated for 40 min to allow for vesicular rupture and
bilayer deposition on the Si substrates. Resultant bilayers were
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(SiMW, 38% v/v D2O) buffers as described above. SEC-purified Nan-
odiscs were diluted to 50 mM polymer concentration in the appro-
priate deuterated buffer and 15 mL flowed over the supported
bilayers at a flow rate of 1.2 mL/min. Excess nanodiscs in bulk solu-
tion were removed by flushing the flow cells with deuterated buf-
fer and the final interfacial structure characterized in H2O, D2O and
SiMW.
2.2.6. Analysis of lipid bilayer structure
NR data corresponding to lipid bilayers at the Si-water interface
were analyzed using RasCAL [46]. This uses a ‘‘slab model” to con-
struct an SLD profile for the system, from which the reflectivity can
be calculated and compared to the data. For each layer we there-
fore obtain an SLD, a thickness, a hydration and a roughness, which
can then be constrained by our pre-existing knowledge of the
sample.
Data for each sample consisted of up to eight measurements.
The first two datasets were from the silicon substrate before
bilayer deposition, measured twice using two solution isotopic
contrasts: H2O and D2O. These data were modelled using a single
layer corresponding to SiO2. The SLD of Si and SiO2 were fixed
based on literature values and the only parameter which varied
between the individual contrasts is the SLD of the bulk solution
to account for different isotopic contrasts measured and the possi-
bility of imperfect exchange of the water within a sample.
The next three datasets correspond to d54DMPC bilayers, prior
to the injection of nanodiscs, in three solution contrasts (H2O,
SiMW and D2O). Five layers were used to model this data corre-
sponding to SiO2 (constrained to be equal to the measurement
prior to bilayer deposition, Fig. S5), an inner leaflet of phos-
phatidylcholine headgroups, two identical layers corresponding
to dimyristoyl tails and an outer leaflet of phosphatidylcholine
headgroups. We assumed that the bilayer was always symmetrical
across each leaflet and applied the constraint that the mean molec-
ular area is consistent for both headgroup and tail layers ensuring
that the resulting model represents a physically realistic bilayer
structure. This was achieved by calculating a mean molecular area
from the fitted thickness of the phospholipid tail layer, where
ATails ¼ Vm;TailsdTailsð1 vSolventÞ
Here, ATails represents the mean molecular area associated with
the phospholipid tails, Vm;Tails represents the partial specific molec-
ular volume of the phospholipid tails and dTails corresponds to the
fitted thickness of the tail layer.
Similarly, the apparent hydrated area of the lipid head-
groups,AHeads;Hyd, can be calculated as
AHeads;Hyd ¼ Vm;HeadsdHeads
where Vm;Heads represents the partial specific molecular volume of
headgroups as dHeads represents the fitted thickness of the head-
group layer.
It is likely that the bilayer surface coverage is incomplete, so we
have allowed for an additional parameter: the solvent volume frac-
tion within the tail layer, vSolvent . Since the mean molecular area of
the headgroups must equal that of the phospholipid tails, the vol-





allowing calculation of the volume fraction of solvent, vSolvent , in
the headgroup layer fromvSolvent ¼ 1 vHeads
An additional constraint was applied such that dTails and dHeads
could not exceed the maximum thickness for a fully extended
(all-trans) tail conformation based on the Tanford equation.
SLD values for the headgroups were calculated based on litera-
ture values for partial specific molecular volumes [47] and held as
a constant. Surface roughness was fitted to be equal for all layers
within the lipid bilayer, since these layers are all physically
coupled.
The final three datasets correspond to measurements made
after incubation with the nanodiscs, again in same three solution
contrasts. To fit this data, we required two different approaches.
For the case of SMALPs and SMILPs we were able to use the sim-
plest model possible, where the only parameter allowed to differ
between the 6 datasets modelling the bilayer was the mole fraction
of hydrogenated tails (effectively the SLD of the two phospholipid
tail layers). All other parameters describing the bilayer structure
were held constant. This very simple but highly constrained
approach allows us to account for lipid exchange between the
bilayer and nanodiscs in solution (but explicitly not adsorbed to
the surface).
In contrast we found that we could not use the same highly con-
strained model for the RAFT-SMALP system. This is demonstrated
in the supporting information (see Fig. S5 and Table S1). Thus, in
order to model the data, we required some additional layers. Since
the introduction of new layers considerably increases the complex-
ity of our model we have considered a number of different possible
models, discussed in some detail in the results section and in the
supporting information.
In all cases the fitting process co-refined across all eight data
sets. The error associated with the parameters in each model was
estimated by MCMC analysis implemented within RasCAL to
account for the covariance between parameters. We assumed a
Gaussian prior distribution for each parameter. The posterior dis-
tribution was determined by performing 50,000 iterations with
5,000 burn-in points to allow for location of the global minima.
The 95% confidence interval was then calculated from the posterior
distribution obtained after three independent repeat runs. For any
individual contrast, the smallest real space structures which can be
resolved by defined features in the data is given by dmin ¼ 2p=Qmax,
though structures smaller than this limit can still contribute partial
features to the experimental reflectivity profiles if there is suitable
scattering contrast between the structure and its surrounding
medium. By utilizing multiple isotopic contrasts, either interfacial
or bulk, and some a priori information about the sample (most
notable the substrate SLD) the structural contribution of these
components to the sample can be resolved with a useful range of
uncertainty. Throughout this work, we have quoted fit parameters
and errors to the nearest Ångström to account for both the limited
contrasts and finite Qz range.3. Results
3.1. Kinetics of nanodisc interactions with phospholipid bilayers at the
Si-water interface
As discussed above, there is currently limited information
regarding the interaction of nanodiscs stabilized by different poly-
mers with interfacial lipid membranes. In order to determine the
role that the stabilizing polymer belt has in determining the nature
of these interactions, we first probed the kinetics of nanodisc-
bilayer interactions using time-resolved ATR-FTIR at the Si-water
interface.
Upon incubation of the dDMPC bilayer with hDMPC SMALPs
(Fig. 1a–c) an increase in the intensity of absorbances arising from
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tions is observed as hDMPC from the nanodiscs become incorpo-
rated at the interface (Fig. 1a). A concurrent decrease in the
intensity of absorbances arising from the symmetric and asymmet-
ric C-D2 and C-D3 stretching vibrations is also observed as lipids
are exchanged from the bilayer to the nanodiscs in bulk solution
(Fig. 1b). By inspecting the carbonyl and aromatic peaks (Fig. 1c),
we observed a decrease and then apparent plateau of the ester
C@O stretch absorbance from the DMPC tails. Importantly, we also
observe a gradual increase in the carboxylic acid C@O stretch
absorbance and the aromatic C@C stretching absorbance, suggest-
ing polymer is interacting with the bilayer. In comparison, spectra
collected during the incubation of hDMPC SMILPs (Fig. 1d–f) and
RAFT-SMALPs (Fig. 1h–j) show similar trends, although with smal-
ler decreases in C-Dx and increases in C-Hx bonds. This suggests
that the bilayer experiences a much decreased lipid exchange with
SMILPs and RAFT-SMALPs compared to SMALPs. However, when
inspecting the polymer-specific absorbances, we can observe a lar-
ger increase in the imide or carboxylic acid carbonyl bonds present
within SMI and RAFT-SMA, respectively along with increases in the
aromatic C@C bonds. This suggests that both SMI and RAFT-SMA
have an increased propensity to interact with planar bilayers than
SMA. Due to peak overlap, noise from imperfect water vapor sub-
traction and differing dipole moments between different bond
vibrations, it is difficult for us to quantify the total amount of poly-
mer incorporation into the bilayer.
By integrating spectra collected at different time points during
incubation with nanodiscs over the C–Hx stretch regions (2990–
2810 cm1) and C-Dx stretch regions (2230–2050 cm1), we were
able to obtain kinetic plots of lipid exchange from the bilayer to
the nanodiscs and from the nanodiscs to the bilayer with minimal
contribution from polymer incorporation (Fig. 2, Fig. S4). In con-
trast to exchange kinetics at the air-water interface, each system
shows a similar two-phase removal of dDMPC from the bilayer.
These data were analyzed using a two-phase first-order rate equa-
tion, similar to the analysis for lipid/polymer addition to monolay-
ers at the air-water interface. This analysis yields two rate
constants, kFast, B?N and kSlow, B?N, describing the fast and slow
phases of lipid exchange from the bilayer to the nanodiscs, respec-
tively (Table 1). The initial fast phase of lipid exchange from the
bilayer to the nanodiscs is responsible for a similar proportion of
the total removal of lipid from the bilayer for both SMALP and
RAFT-SMALP systems, with approximately 75% of the total lipid
removal occurring during this phase. SMILPs also show an initial
rapid exchange of phospholipids from the bilayer to the nanodiscs,
although this is responsible for less of the total lipid removal, at
approximately 60%. Interestingly, the rate of this phase is signifi-
cantly higher for the RAFT-SMALP system compared to SMALPs
and SMILPs. The rate of the second, slower phase of lipid exchange
from the bilayer to the nanodiscs show a different trend, whereby
SMALPs exhibit a higher value for kSlow, B?N than either SMILPs or
RAFT-SMALPs.
Analysis of C-Hx stretch peak integrals yields information
describing lipid exchange from the nanodiscs to the bilayer. In
the case of SMILPs and RAFT-SMALPs, the best fits to the experi-
mental data were obtained by using a single-phase, first-order rate
equation (Table 1). Here the rate of lipid exchange from the nan-
odiscs to the bilayer is over ten-fold higher for SMILPs than
RAFT-SMALPs. SMALPs, however, show two phase kinetics, with a
fast and slow phase, described by kFast, N?B and kSlow, N?B. kFast,
N?B is significantly higher than the rate constants obtained for lipid
exchange from either SMILPs or RAFT-SMALPs to the bilayer, but of
a similar order of magnitude as kFast, B?N, discussed above. In con-
trast, kSlow, N?B has a value more akin to the rate of lipid deposition
at the bilayer by both SMILPs and RAFT-SMALPs. This suggests that
there may be also be a biphasic process occurring for SMILPs andRAFT-SMALPs, though the rate of the initial fast phase is faster than
can be measured within the achievable time-resolution. In addi-
tion, the majority of lipid deposition at the bilayer by SMALPs
occurs during the slow phase, in contrast to lipid removal dis-
cussed above. We therefore suggest that in all cases, lipid exchange
from the nanodiscs to the bilayer is dominated by a slow, diffusion
limited, collisional lipid exchange.
3.2. Structural changes to phospholipid bilayer structure upon
interaction with phospholipid nanodiscs at the Si-water interface
From ATR-FTIR measurements, we were able to determine the
kinetics of lipid exchange between phospholipid nanodiscs and
supported phospholipid bilayers at the Si-water interface. How-
ever, we were also able to identify the presence chemical bonds
arising from each of the polymers at the interface. ATR-FTIR does
not give any structural information on nanodisc-bilayer interac-
tions. We therefore used NR at the Si-water interface to determine
the large-scale structure of DMPC bilayers which have been subject
to incubation with nanodiscs. There are two main possibilities
which could account for the observed spectral changes, which
are not necessarily mutually exclusive. Firstly, a similar scenario
to that observed previously with lipid monolayers at the Si-water
interface where no nanodisc adsorption can be identified [38],
but where polymers embed into the bilayer along with lipid
exchange. The second possibility is that nanodiscs adsorb to the
surface of the bilayer. Both of these scenarios would account for
the presence of C-Hx absorbances and polymer-specific absor-
bances in the ATR-FTIR spectra.
After characterization by NR of bare Si substrates, dDMPC bilay-
ers were deposited on the substrates and measured in three con-
trasts (Fig. 3a, 4a, S4). This data was modelled with 5 layers,
constrained as described earlier, with corresponding SLD profiles
shown in Fig. 3b, 4b and S4. The model provided good fits for the
data for the SMALP and SMILP samples and the structural parame-
ters (Table 2, 3) are consistent with a high-coverage dDMPC bilayer
that is consistent with previous studies. [48–50] The structural
parameters for the RAFT-SMALP sample (Table S1-S7 in the sup-
porting info) is also consistent with a high coverage DMPC bilayer,
but the silicon substrate used was not as good as for the other two
samples. This is seen in a rougher more solvated oxide layer which
results in a less well defined bilayer and means we have more
uncertainty in the structural parameters extracted from this
sample.
After initial characterization of the bilayers, hDMPC nanodiscs
were then injected into the sample cells and incubated for 5 h, after
which the cells were flushed with buffer to remove excess, non-
adsorbed polymer/nanodiscs and the resultant structures analyzed
by NR in three solution contrasts.
In the case of dDMPC bilayers with hDMPC SMALPs, we were
able to obtain satisfactory fits to the experimental data by allowing
for lipid exchange of hDMPC lipids into the bilayer. The same 5
layer model as used before nanodisc interaction (Fig. 3c, d), was
sufficient to fit the data indicating that SMALP nanodiscs do not
adsorb. Structural parameters (Table 2) indicate that incubation
with hDMPC SMALPs leads to a net loss of material from the
bilayer, as supported by FTIR data (Fig. S4). Hydration of the DMPC
tails region increases from approximately 6 to 35% and the area per
molecule of the bilayer lipids increases from 60 Å2 to 87 Å2. We
also observe a decrease in SLD of the tails, from 6.5 to
3.41  106 Å2. If this change is solely down to the introduction
of hDMPC, then we can estimate that 45% of the remaining lipid
is hDMPC from the nanodiscs. However, since the hydrogenous
SMA happens to have a very similar SLD to the lipid headgroups
(1.89  106 Å2 compared to 2.13  106 Å2), we are unable to
distinguish between exchange of hDMPC and the introduction of
Fig. 1. Excerpts of ATR-FTIR spectra measuring the interaction of hDMPC containing nanodiscs with dDMPC bilayers at the Si-water interface. Spectral regions showing
aliphatic C-Hx peaks, aliphatic C-Dx peaks and carbonyl/aromatic peaks are shown for incubations of hDMPC-containing SMALP (a–c), SMILP (d–f) and RAFT-SMALP (g–i)
nanodiscs with dDMPC supported bilayers at the Si-water interface, respectively. A spectrum was collected prior to the injection of nanodiscs (0 min, red spectrum) and then
at various time points during nanodisc incubation (15, 30, 60, 150 and 300 min, colored orange through indigo, respectively). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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that some polymer is incorporated into the bilayer.
Using the same approach, we were also able to obtain satisfac-
tory fits to the experimental data for a dDMPC bilayer interacting
with hDMPC SMILPs (see Fig. 4c, d and Table 3). In this case, the
structural parameters suggest that, within error, there is no addi-
tion or removal of phospholipids from the bilayer, as shown by
the similarity in both the hydration of the lipid tails and the area
per molecule of the bilayer lipids before and after SMILP interac-
tion, which is again consistent with FTIR data (Fig. S4). We also
observed a smaller decrease in SLD of the lipid tails from 6.5 to4.98  106 Å2. Again, if this decrease in SLD is solely due to lipid
exchange, we can estimate that 22% of the lipid in the resultant
bilayer is hDMPC from SMILPs, although we are still unable to dis-
tinguish the polymer in this system.
In contrast to SMALPs and SMILPs, the NR data collected after
the incubation of a dDMPC bilayer with hDMPC RAFT-SMALPs
shows the appearance of strong Keissig fringes which are indica-
tive of a significantly thicker interfacial layer (Fig. 5). This was an
unexpected result and we were unable to use the same approach
to fitting for this data as in the other two systems. As mentioned
earlier, in order to fit the data some additional layers were
Fig. 2. Kinetics of lipid exchange between hDMPC-containing SMALPs (a), SMILPs
(b) and RAFT-SMALPs (c) and supported dDMPC bilayers at the Si-water interface.
The integral of regions corresponding to C-Dx stretching vibrations are shown as red
points and C-Hx stretching vibrations are shown as blue points. Points are the mean
of three separate experiments with the error bars representing ± 1 standard error.
Kinetic fits to the experimental data are shown as solid lines. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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of increasing complexity in an effort to extract physically meaning-
ful data without over-analyzing. The details of these models are in
the supporting information. Briefly, we started with a similar
model as utilized for SMALP and SMILP interactions except with
the addition of a floating layer corresponding to adsorbed nan-
odiscs (Model 2). We subsequently increased the model complex-
ity by relaxing structural constraints, allowing the bilayer structure
to be influenced by nanodisc interaction (Model 4), including an
additional layer representing adsorbed nanodiscs (Model 5), and
finally removing the requirement for the bilayer structure to be
constrained by area-per-molecule calculations (Model 6).
From our analysis we can draw some general conclusions. Most
unsurprisingly, if we increase the number of variables we can get
towards a very good fit to the data. Unfortunately, this does not
necessarily mean that we are getting ever more detailed structural
information about this system since we inherently lack the addi-
tional contrasts to be certain of those details. We can, however,
compare the SLD profiles for these models, shown in Fig. 5 for
Models 2, 4, 5 and 6. This figure clearly shows that despite the dif-
ference in detail between these models, the overall fit always tends
towards a similar outcome. It is this SLD profile that represents the
truly meaningful structural information for this sample. Specifi-
cally, it shows that there is significant adsorption of nanodiscs as
well as the lipid exchange seen for the other bilayer /nanodisc sys-
tems. The lipid exchange is of the order of 35%, similar to the level
of exchange seen for the other SMALP system. The adsorbed nan-
odiscs do not form a well-defined bilayer-like layer but are signif-
icantly more diffuse with most of the density within about 50 Å of
the bilayer but with some extending up to 100 Å. This thickness is
similar to the size of 1–2 nanodiscs. If we assume the SLD of the
adsorbed nanodiscs within this layer is similar to the calculated
value of 2.63  106 Å2, then the coverage of this layer is around
50% in the first 50 Å.4. Discussion and conclusion
By using a combination of ATR-FTIR spectroscopy and NR, we
have been able to quantify lipid exchange between nanodiscs in
bulk solution and phospholipid bilayers at the Si-water interface.
Our ATR-FTIR results show an interesting trend; RAFT-SMALPs
exhibit the least exchange and SMALPs the most. Previous studies
investigating the thermodynamics of self-assembly of these nan-
odiscs show that the Gibbs energy of transition for the polymers
associating with the lipids is most negative for RAFT-SMALPs and
least negative for SMALPs [30,33]. It may therefore be that the
thermodynamic stability associated with each of the polymers
when in a nanodisc dictates the propensity of said nanodisc to
exchange material with planar lipid bilayers.
When comparing the kinetics of lipid exchange for each nan-
odisc system, biphasic kinetics can be seen in all cases. This sug-
gests a two-step process for this interaction. The initial lipid
exchange on the introduction of nanodiscs in solution is rapid
but subsequently slows. The initial rapid exchange occurs when
the bilayer first interacts with the nanodiscs and thereafter the rate
slows probably limited by diffusion.
The ATR-FTIR also suggest the presence of polymer in each of
the bilayers after incubation with nanodiscs. As briefly discussed
above this observation can be explained by either adsorption of
nanodiscs to the bilayer or by the incorporation of polymer within
it, or both. Our NR is not directly able to see the polymer but we
can infer its presence.
Fig. 3. Neutron reflectometry data (points) with overlaid fits (solid lines) plotted as RQ4 (a, c) and corresponding model SLD profiles (b, d) of a dDMPC supported bilayer
deposited on a Si substrate before (a, b) and after (c, d) incubation with dDMPC SMALPs. Colored shaded regions represent the 95% confidence interval associated with the fit
and model SLD profiles determined by Bayesian MCMC error estimation routines. Grey shaded regions denote layer boundaries in the model SLD profiles. In all cases, red,
green and blue points/lines correspond to data collected in D2O, SiMW and H2O solution contrasts, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Table 1
Lipid exchange parameters obtained for kinetics of lipid exchange occurring between dDMPC bilayers at the Si-water interface and hDMPC
nanodiscs.
Exchange with SMALPs Exchange with SMILPs Exchange with RAFT-SMALPs
Kinetic parameters of lipid exchange from the bilayer to nanodiscs
kFast;B!N /min1 0.18 ± 0.02 0.12 ± 0.02 0.39 ± 0.06
DIeq0;CDx ;Fast /% 75.37 ± 2.83 60.17 ± 8.60 74.81 ± 3.56
kSlow;B!N /103 min1 17.70 ± 4.56 3.94 ± 3.08 8.66 ± 5.29
DIeq0;CDx ;Slow/% 24.63 ± 2.83 39.83 ± 8.60 25.19 ± 3.56
Kinetic parameters of lipid exchange from nanodiscs to the bilayer
kFast;N!B/103 min1 321.40 ± 110.60 11.69 ± 1.90 1.08 ± 2.59
DIeq0;CHx ;Fast /% 32.96 ± 6.30 – –
kSlow;N!B/103 min1 4.30 ± 2.16 – –
DIeq0;CHx ;Slow/% 67.04 ± 6.30 – –
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In each case the nanodiscs rapidly approach the interface and
briefly adsorb. This adsorption results in quick exchange of lipidswith the bilayer as well as some interaction of the polymer with
the surface. The relative extent of the exchange is likely to be gov-
erned by the particular nanodisc stability in each case. In the case
Table 2
Structural parameters obtained by fitting NR data of dDMPC bilayers at the Si-water interface before and after incubation with hDMPC
SMALPs. Values marked * were held as a constant throughout the fitting procedure. Values in parentheses indicate the 95% confidence
intervals estimated from Bayesian MCMC error estimation.
Layer Parameter dDMPC bilayer dDMPC bilayer after hDMPC SMALP incubation
Si SLD/106 Å2 2.07*
Roughness/Å 6 (5, 6)
SiO2 SLD/106 Å2 3.47*
Thickness/Å 17 (14, 20)
Hydration/% 8 (6, 10)
Roughness/Å 5 (4, 6)
PC Headgroups SLD/106 Å2 2.14*
Thickness/Å 11 (11, 12)
Hydration/% 58 (57, 58) 71 (70, 71)
Roughness/Å 4 (4, 5)
DM Tails SLD/106 Å2 6.5* 3.41 (3.36, 3.48)
Thickness/Å 14 (13, 14)
Hydration/% 6 (4, 8) 35 (34, 37)
Roughness/Å 4 (4, 5)
Area Per Molecule/Å2 60 (57, 62) 87 (83, 91)
Bulk Solvent SLD (D2O)/106 Å2 6.28 (6.27, 6.29) 6.27 (6.26, 6.28)
SLD (SiMW)/106 Å2 3.33 (3.30, 3.37) 1.52 (1.45, 1.59)
SLD (H2O)/106 Å2 0.46 (0.55, 0.36) 0.44 (0.50, 0.38)
Table 3
Structural parameters obtained by fitting NR data of dDMPC bilayers at the Si-water interface before and after incubation with hDMPC
SMILPs. Values marked * were held as a constant throughout the fitting procedure. Values in parentheses indicate the 95% confidence
intervals estimated from Bayesian MCMC error estimation.
Layer Parameter dDMPC bilayer dDMPC bilayer after hDMPC SMALP incubation
Si SLD/106 Å2 2.07*
Roughness/Å 4, (3, 6)
SiO2 SLD/106 Å2 3.47*
Thickness/Å 13 (12, 14)
Hydration/% 6 (2, 12)
Roughness//Å 3 (3, 4)
PC Headgroups SLD/106 Å2 2.14*
Thickness/Å 8 (7, 9)
Hydration//% 39 (37, 42) 39 (37, 42)
Roughness/Å 4 (3, 4)
DM Tails SLD/106 Å2 6.5* 4.98 (4.88, 5.07)
Thickness/Å 14 (13, 14)
Hydration/% 2 (1, 4) 2 (1, 4)
Roughness/Å 4 (3, 4)
Area Per Molecule/Å2 57 (55, 60) 57 (55, 60)
Bulk Solvent SLD (D2O)/106 Å2 6.13 (6.12, 6.14) 6.13 (6.13, 6.14)
SLD (SiMW)/106 Å2 2.11 (1.94, 2.29) 2.00 (1.84, 2.18)
SLD (H2O)/106 Å2 0.45 (-0.55, 0.31) 0.42 (-0.54, 0.30)
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enough to have a substantial residence time that would allow for
the formation of a stable adsorbed nanodisc layer, but the process
does leave a small amount of polymer on the surface. For the RAFT-
SMALP nanodiscs the adsorption is stronger and this results in an
adsorbed nanodisc layer that survives the solvent rinses. We
believe that the increased interaction strength in this case is due
to the hydrophobic polystyrene tail present in this polymer that
is not present in the other polymers. Once this tail interacts with
the bilayer it effectively acts as a tether and prevents rapid desorp-
tion. After this initial interaction, subsequent lipid exchange is
determined by the rate at which nanodiscs diffuse away from the
interface region and are replaced by fresh nanodiscs containing
h-lipids.
In all of these measurements we cannot quantify the extent of
polymer interaction with the surface. However, the results do
show that the image of discreet nanodisc particles interacting with
a surface bilayer is not quite right. There is clearly extensive
exchange of material, both lipids and polymer, in all of these sam-
ples. Exchange of polymers in addition to lipids is not unexpected.Recent studies have shown by fluorescently labelling SMA poly-
mers, that in addition to the now-accepted lipid exchange between
nanodiscs in solution [39,40], there is also exchange of polymers
between nanodiscs [51]. Furthermore, Langmuir balance and
molecular dynamics studies of nanodisc self-assembly have
demonstrated that nanodiscs form via an initial adsorption of poly-
mers to the bilayer surface, prior to embedding into the hydropho-
bic core and subsequent solubilization [27,52]. This is not
dissimilar to what we observe here.
Previous studies investigating the interaction of RAFT-SMALPs
with DOPC monolayers deposited on a hydrophobic surface at
the Si-water interface saw little to no nanodisc adsorption [38].
The reasons as to why, in this case, clear increases in thickness
were observed is unclear. It is important to note that the sample
used for the RAFT-SMALPs was rougher with a less well-defined
bilayer and it is possible that this is the reason why the
nanodiscs are able to strongly adsorb in this case. It is also pos-
sible that monolayers on a hydrophobic surface, rather than
bilayers on a hydrophilic surface, are less amenable to adsorp-
tion. Alternatively, the difference in the gel to liquid transition
Fig. 4. Neutron reflectometry data (points) with overlaid fits (solid lines) plotted as RQ4 (a, c) and corresponding model SLD profiles (b, d) of a dDMPC supported bilayer
deposited on a Si substrate before (a, b) and after (c, d) incubation with hDMPC SMILPs. Colored shaded regions represent the 95% confidence interval associated with the fit
and model SLD profiles determined by Bayesian MCMC error estimation routines. Grey shaded regions denote layer boundaries in the model SLD profiles. In all cases, red,
green and blue points/lines correspond to data collected in D2O, SiMW and H2O solution contrasts, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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affect the adsorption mechanism and thermodynamics. Only
further experiments to investigate the link between polymer
architecture and adsorption will be able to determine whether
reliable and robust assembly of adsorbed nanodisc films will be
possible.
In summary, we have demonstrated that both lipid and polymer
exchange occurs between polymer-stabilized phospholipid nan-
odiscs of three different types. We were also able to show that
RAFT-SMALPs show substantial adsorption to a bilayer at the
silicon-water interface. This is the first such observation for poly-
mer stabilized nanodiscs. This result was surprising and it remains
to be seen as to whether changing the sample conditions will have
an effect on this behavior. Nonetheless, this result demonstrates
the potential of polymer stabilized nanodiscs to be used for appli-
cations in which adsorption may be important. The fact that the
polymer seems to have such a dramatic effect suggests that the
adsorption may be controllable by modifying the properties of
the polymer. For example, use of an optimized polymer could
enable structural and functional characterization of solubilized
MPs within a phospholipid environment by techniques such asX-ray and neutron reflectometry, surface plasmon resonance and
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